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In  our  days,  CP  (Charge  Parity)  violation  in  the  Standar  Model  of  fundamental  interactions  still 
remains  as  an  open  problem.  It  is  well  known  that  explicit  CP  violation  may  be  included  by  impossing 
complex  Yukawa  couplings  in  the  Yukawa  sector  or  complex  Higgs  couplings  in  exttended  Higgs 
sectors  with  more  than  one  Higgs  field.  It  is  desirable  to  have  a  fundamental  CP  violation  theory, 
in  that  sence,  we  analyse  the  diferent  secenarios  for  Spontaneous  CP  violation  in  an  exteded  Higgs 
model  with  three  Higgs  fields  and  a  discrete  flavour  permutational  symmetry  Sy  Spontaneous  CP 
violation  effects  contribute  to  the  Higgs  mass  matrix,  as  well  as,  up  and  down  quark  mass  matrices. 
This  complex  quark  mass  matrices  allow  us  to  study  the  conditions  for  a  non-vanishing  Jarlskog 
invariant  J  which  provides  a  necessary  and  sufficient  contribution  for  a  spontaneous  CPV  coming 
from  SM  (g)  S3 


1.  Introduction 

Although  highly  successful  in  terms  of  its  phenomenological 
predictions,  the  Standard  Model  (SM)  of  electroweak 
interactions  seems  incomplete  from  a  theoretical  view.  In  its 
present  form,  it  is  unable  to  predict  the  masses  of  fermions 
(leptons  and  quarks),  or  explain  why  there  are  several  families 
of  such  particles.  In  the  SM,  only  one  SU(2)L  doublet  Higgs 
field  is  included,  which,  upon  acquiring  a  vacuum  expectation 
value,  breaks  the  SU( 2)L  X  U(\)Y  symmetry.  In  the  SM 
each  family  of  fermions  enters  independently,  in  order  to 
understand  the  replication  of  generations  and  to  reduce 
the  number  of  free  parameters,  usually  more  symmetry  is 
introduced  in  the  theory.  An  extended  Higgs  sector  opened 
up  the  window  for  CP  violation  scenarios  coming  from  the 
Higgs  sector,  we  look  for  the  conditions  under  which  CP 
violation  arises  from  spontaneous  gauge  symmetry  breaking 
SU  (2)l  X  U  (l)j,  — — — >U  (l)w .  In  this  direction  interesting 
work  has  been  done  with  the  addition  of  discrete  symmetries 
to  the  SM.  It  is  noticeable  that  many  interesting  features  of 
masses  and  mixing  of  the  SM  can  be  understood  using  a 
minimal  discrete  group,  namely  the  permutational  group  Sy 


2.  Higgs  Sector  in  SM  <8*  S3 

The  Lagrangian  of  the  Higgs  sector  is  given  by 

h  =  f  +  I"  +  tD„H2  f  ~  V(Hl  ,H2,Hs)  (1) 

where  D  is  the  usual  covariant  derivative.  The  scalar 
potential  V(Hv  Hv  H)  is  the  most  general  Higgs  potential 
invariant  under  SU(3)C  X  SU(2)L  X  U  {\)Y  X  Si  .  The 
analysis  of  the  stability  properties  of  the  Higgs  potential 
V  is  of  great  relevance  to  study  the  phenomenological 
implications  of  this  model.  There  are  many  different  ways 
of  writing  the  Higgs  potential  for  this  model,  but  for  the 
purpose  of  this  work  the  best  basis  is 


<A  +  i4>i 

,h2  = 

A  +  A 

,H,  = 

</>3  +  A 

,</>7  +  , 

A  +  A  i 

A  +  A  2  , 

2. 1  The  Higgs  Potential 

Is  usual  to  write  the  potential  in  therms  of  the  invariants  x., 

xt=R{H?Hx),  x7=l{HrH2), 
x2  =  Ht2‘H2  ,  *5  =  R  (. H?HS ) ,  *,  =  /  (H?HS ) , 

x3  =  Hts‘Hs  ,  x6=R  (HT2'HS ) ,  x,  =  /  (, Ht2‘Hs  ) . 
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considering  our  assignment,  the  Higgs  potential  [1-4]  becomes 

V  =  /xf  (*j  +x2)  +  n*x3  +  ax\  +  b[xx  +x2)x3 

+c(x,  +  x2)2  —4dx2  +2e[(xj  —  x2)xs  —  2x4x, 

+f  {*5  +  Xl  +  Xl  +  Xl  )  +  £■[(*!  +  X2  f  +  4*4 

+2h  (x2  +  xl  —  xl  —  xl ) 

where  the  )J?0  parameters  have  dimensions  of  mass  squared, 
the  a,  b,  c,  d,  e,  f,  g,  b ,  parameters  are  dimensionless. 


3.  Stationary  Points 

The  stationary  points  of  the  potential  (4)  where  computed 
in  order  to  determine  their  phenomenological  feasibility  [1]. 
We  assume  here  that  H$  is  the  SM  Higgs,  in  the  minimum 
that  we  are  interested,  CP  is  violated  but  we  do  not  break 
the  electric  charge  symmetry  when  the  Gauge  symmery 
is  broken  down  to  U{  l)r  If  there  is  CP  breaking  in  the 
model  we  are  assuming  that  it  is  due  to  any  of  the  three  S} 
Higgs  doublet  fields.  Taking  this  into  account,  and  using 
the  minimization  conditions,  we  find  that  the  potential  (4) 
has  a  CP  breaking  stationary  point.  For  the  CP  breaking 
minimum  we  have  non  vanishing  VEVs 


4*7  V\y  4*8  V2  ’4*9  4* 10  7l>  (5) 

4>U  72’  4*12  73’ 

for  other  fields  we  have  <j).=  0. 

3. 1  Spontaneous  CP  Breaking 

In  the  CP  breaking  minimum  (CPE)  [2]  we  have  a 
contribution  from  the  three  Higgs  doublet  fields 


<*■> 


0 

V,  +  27; 


2  =  1,2,3, 


(6) 


where  y,.  £  Si .  Then,  CPB  is  at  4>7  —  v\  >  4>»  —  vi  > 
<t>c,  =  vi,  4>10  =  7,,  <f>n  =  72,  4>l2  =  73  and  other  cases 
(j>.  =  0,  which  should  satisfy  the  constraint 


2,2,2,  2,  2,  2  2 

vi  +  v2  +  v3  +  7,  +  72  +  73  =v 


(7) 


To  complete  the  story,  the  VEVs  7  allowes  CP  breaking 
scenarios  with  a  contribution  coming  from  one,  two  or  three 
Higgs  fields: 


Scenario 

4> 7 

4) 8 

4 9 

4>\o 

4>u 

4>\2 

I 

v2 

7, 

72 

73 

II 

vi 

V2 

V3 

7, 

0 

0 

III 

V2 

v3 

0 

72 

0 

IV 

vi 

V2 

h 

0 

0 

73 

V 

Vl 

v2 

Vi 

7, 

72 

0 

VI 

vi 

V2 

V3 

7, 

0 

73 

VII 

Vl 

V2 

V 3 

0 

72 

73 

The  minimization  conditions  [dV !  dcj)^  =0  give  us 


six  equations  with  more  free  parameters  than  independent 
equations  in  any  scenario.  We  focus  in  Higgs  VEVs  allowed 
range  of  values  to  compute  the  Up  and  Down  quark  mass 
matrices  and  the  Jarlskog  invariant.  In  Scenario  I,  we  have 
the  following  minimum  equations: 


0  =  2  C  +  g)  7  +  2  7,  (v2  (2  (d  +  72  +  <?73 )  +  ”,  (f72  +  2^73 )) 

+  vt  (2  (r  +  g)  v\  +  6ev2v3  +  {b  +  f  +  2 h)  v\  +  2  (r  +  g)  y2 

+  {b  +  f~2h)  y3  +  2y2  ((c  -  2d  -  g)  y2  +  ej3)  +  Hi), 

(8) 

0  =  2  (c  +  g)  v\  —  'iev12v3  +  v\  (2  (c  +  g )  v2  +  Seit, ) 

+  2«'i7i  (2  {d  +  ^)  72  +  e73 )  +  2v3  (ey2  +  (4^y3  -  ey2 )  y2 ) 

+  v2(  (6  +  f  +  2h)vl  +  2(c  —  2d  —  g) y2  +2(c  +  ^)y2 

-  2e7273  +  (^  +  /  -  2h)  y 2  +  ), 

(9) 

0  =  — ef2  +  (6  +  f  —  2 h)  v1v3  +  (3ef2  +  +  f  +  2h)  v3  )v* 

+  2^7;  (^y2  +  2/;y3 )  +  v2  (ey2  — ey2  +  4Ay2y3)  (10) 

+  vi  ((£  +  /  -  2b)  hi  +  72 )  +  2<2(y32  +  v\ )  +  jLt2 ) , 

0  =  2  (c  +  .?)  «v 7,  +  27  (7  (2  72  +  O', )  +  7  (n2  +  2^7, )) 

+  772(1:  —  2d  —  g)v~2  +  2evivi  +  (£  +  /  —  2  h)v\ 

+  l(c  +  g){C  +  % )  +  6^727,  +  (£  +  /  +  2^)7,  +  /2,2 ), 

(ID 

0  =  2vt  (2(d  +  g)v2  +  ev})  7,  +(£  +  /  -  2b)v\l1 

+  2  (c  +  g) h]  +  7a  )7a  +  3f(7,2  -  722 )73  +  (^  +  /  +  2b)  %% 

+  f2  (2  (c  +  £•)  72  -  f7, )  +  2  (c  -  2d  -  g)  77;  +  w,273 

-  2y,2/3  (i?72  -  2/?73 )  +  72^2 , 

(12) 

0  =  2vt  (ev2  +  2 hv3 )  7,  +  ^hv2v3 y2 
+e(3y2  -  y2  )y2  +  2a(v 2  +  y2  )y3  ( 1 3) 

+  (£  +  /  +  2h)  (v*  +  v\  )73  +  e(v\  -  v\  )y2  +  y3/i2 . 

In  each  scenario  we  obtain  conditions  to  constrain  the 
allowed  VEVs,  that  fulfills  the  minimum  equations. 
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3.2  The  CP  Breaking  Minimum  with  Polar 
Phase. 

In  order  to  compare  with  other  authors  [2],  the  VEVs  in  the 
CPB  can  be  written  as  follows 


0 

Nxeie' 


’(H2)  = 


0 


AV 


■<^>  = 


0 


N/c 


(14) 


<^>  = 
where 

Ni  =  '[v i+7i2.  Ni  =  B  +  7,,  Ni  =  P  +7j  > 

tan«,=2i.  <15> 

2  Zt,  z»2  Z>3 

The  potential  minimization  conditions  give  us  six  equations 

0  =  2Ni{2{c  +  g)Nl)  +  2{c-d  +  {d  +  g)Cos{2{et  -6>J)X 

+  2,(a*(20, -et -Oj  +  icosfo -e,))N,N,  (16) 

+  (b  +  /  +  2hCos  (2  (0,  -  0, )))  N]  +  ), 


0  =  2(AP 

+  A, 


2  (r  — «/  +  («f  +  g)  Cos  (2  (03  -  02 )))  N2 

+  e(Cos(26l-62  -03)  +  2 Cos  (02  -  0, ))  N, 
2  (c  +  g)N22-  3 eCos  (02  -  03 )  7V2  A3 

+  lb  +  A  +  2 hCos  (2(0.  —  03 )))  7V3  +  /z 


(17) 


0  =  2(-<rG» (02  - 03 )N[+(b  +  f  +  2hCos (2 (02  - 0s ))) N2N} 

+  (2  aN13+n2a)N3  (18) 

:  '  {Cos  (20,  -  02  -  0, )  +  2G»  (0  -  0, ))  N2 
+  {b  +  f+2hCo,[2.[el-e,)))Nl 


+N( 


0  =  -AN 


(d  +  g)Sin( 2 (0  —  9  ))  ZV"  +  «S»  (20  -  0  - «  )  ZV  A 
+*S«b(2(9  -0  ))/V‘ 


,(19) 


0  =  27V,  ( Sin  (9,  -  0  )  TV,  TV,  (fZV  -  AhN  Cos  (fl  -  0  )) 

I  ,  2  2  (  Sin  (20  -0  -0  )\  .  ,  3 

+  <  I  2  (</  +  *)  &'»  (2  (0,  -  0  ))  iV3  +  ,  I  _2Sn  _  ‘  J  TV,  ]  ,(20) 


0  =  2A7  (&■»  (02  -  03 )  ZVj  (-«tA2  +  4M2  C<«  (02  -  03 )) 
<?  (,S7w  (20  0f  —  0, )  +  2 Sin  (02  —  0. ) )  ZV2 

+2hSin  (2  (6t  -03))N3 


+  N( 


(21) 


If  we  rotate  the  phases  in  such  a  way  that  0^  =  6,  —  $3  and 
cr2  =  d2  -  9},  the  minimum  conditions  are  written  as  follows: 

0  =  22V  (2(r  +  £)7V2) 


0  =  2(Nl 

+  N, 


2  (c  —  d  +  (d  +  g)  Cos  (2  (cTj  —  a2 )))  N. 

+e(Cos(2a,  —  a2) +  2Cos(a2))  N: 
2{c  +  g)N22-3eCos\o2)N2N, 

-\-(b f  Jr2hCos(2a1^  N,  +  Us 


(23) 


0  =  2(-eCos  (cr2 )  N’  +  (b  +  /  +  2hCos  (2ct2  ))  A,2  N3 
+  (2aN*+rf)N 

e  ( Cos  (2(T  —  o2 )  +  2 Cos  (it,  ))  A2 
+  (b  +  f  +  IhCos  (2cri  ))  A3 


(24) 


+A2 


0  =  -an: 


(d  +  g)  Sin  (2  (a,  —  a2 ))  N2  +  eSin  (2a,  —  <r2 )  N,N, 

+hSin  (2a  x )  N2 


0  =  2 N2  ( Sin  (a2 )  N2N}  (eN2  -  AhN, Cos  (a2 )) 


+N: 


2(d  +  g)  Sin (2 (ctj  —ct2))N2  +e 


Sin(2at  —  a2 ) 
—2 Sin  (a2 ) 


(25) 


N, 
(26) 


0  =  2 N,  ( Sin  (a2 )  N2  (~eN2  +  AhN, Cos  (a2 )) 

+  Aj2  (e  ( Sin  (2 CTj  —  a2 )  +  2 Sin  (a2 ))  N2  +  2hSin  (2a 3 )  M3 ) . 

(27) 

Unlike  reference  [3],  we  have  an  additional  minimum 
equation,  so  we  will  continue  working  with  the  first 
representation  in  section  3.1. 


4.  Jarlskog  Invariant 

The  formalism  of  the  Jarlskog  invariant  imposes  conditions 
which  must  be  satisfied  in  order  to  have  CP  violation  [5] 

m„  ^  mc >  mc  ^  mt-’  mt  ^  mu >  md  ^  ms-’  ms  ^  mb ’  (28) 


mb^md,  6  ^  0, 7r,  ^  0,  — ,  j  =  1, 2, 3 

where  w.  are  respective  quark  mass  value.  These  conditions 
are  unified  within  the  single  relation  det  C  ^  0  where 


iC  =  [M“MuT'  ,MdMdT'\ 


(29) 


+  2e 


\[c  -  d  +  (d  +  g)Cos[2.[a^  — ,ct2)))a2 

(22) 

det  C  =  —  2/  —  w2 )  (w2  —  w2  j  (w2  —  tw2  j 

{C0s(2ai-a2)  +  2c°s(a2))N2N5 

j  2  2  \  /  2  2  \  /  2  2  \ 

-m,  )(ms  ~md )(md  ~mb ) 

Where  M“  and  Md  denotes  the  Up  and  Down  quark  mass 
matrices.  What  is  highly  remarkable  about  the  above 
commutator  is  that  its  determinant  is  given  by 


(30) 


+  (b  +  /  +  2  hCos  ^2tr^  j  j  A2  +  /t2 
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where  /is  the  Jarlskog  invariant. /vanishes  in  the  absence  of 
CPB  and  viceversa  for  non  vanishing/. 

4. 1  The  Fermionic  Mass  Matrix 


K  = 


0  1 
1  0 


and  r/  = 


1 

0 


0 

-1 


(35) 


Furthermore,  we  add  mass  terms  for  the  Majorana  neutrinos 


The  Yukawa  Lagangian  of  the  extended  model  with  three 
Higgs  doublets  [6-9]  can  be  written  as 

Ly  =  LyD  T  Tyv  +  LyE  +  Ly^ 

Each  term  is  given  as 

LyD  =  -Yfa,Hsd„t-Y,^sdiR 

-Y?\QjK„Hxd]R  + Qj],jH2d]t ,] 

-Y4%H,dIR  -YfQH'dn+H.C., 

Tru  =  — 4  Or  {^<7i)^stliR  ~ 4  Qa  r 

—Y\  [Q/kt/  (z(72  )  uJR  +  QjT],j  (i&2 )  H2 ujr  j  (32) 

-Y;Q}(ia2)H;um  —  Y“Q  {icr2) H‘ii3R  +  H.C., 

Ly,  =-Yl'LIHsem  ~V3L3Fse3R 

-  y;  [Z ~KlJHiejR  + TlVlJH2eJR  ]  (33) 

-  Y‘  LiHIeIR  -  Y‘  +H.C., 

A;  =  —  A  Li[i(J2}Hsi'iR  —  Yi  L3(i<j2)Hsv3R 

—Yj  \LjHjj  ( io2 ) H1  v ]R  +  LjTjy  (ia2 )  H2v ]R J  (34) 

-Y;  a  (ia2 )  H]vir  -  Y; L,  {ia2 ) H]u3R  +  H.C.. 

Singlets  carry  the  index  s  or  3  and  doublets  carry  indices 

I;  J  =  1;  2 


(36) 


where  C  is  the  charged  matrix.  From  this,  we  can  express 
the  fermionic  mass  matrix  including  spontaneous  CP 
violation  as 


ml  +  m6 

m2 

m5 

II 

m2 

ml  —  m6 

m8  , 

m4 

m-j 

m3 

where 

II 

V 

-Y/(v  3 

+  *'73)> 

f 

mJ2  = 

/ 

— 

-Y/{v  3 

+n3). 

/ 

^4  = 

f 

mJ5  = 

~Y/{v  i 

+  *'7i). 

/ 

^6  = 

ii 

~Y/{v 2 

“f  hi  )> 

li 

v 

Y-I  {vi  +*7i)> 

■Y/  fa  +i 7i). 

-Y(  {Vi+hi), 

-Y/  {v 2+Hl)- 


(37) 


Then,  we  obtain  complex  fermionic  mass  matrices  caused 
by  contribution  arising  from  the  Higgs  sector.  Thus,  the 
SSB  mechanism  provides  a  source  for  CP  violation  in  the 
fermionic  sector  and  contributes  to  both,  quark  and  lepton 
mixing  matrices.  Assuming  real  yukawa  parameters,  CP 
violation  entirely  comes  from  the  Higgs  sector. 


5.  Scenario  Analysis 

For  each  scenario  we  have  for  mass  parameter  /j?0 


ev\  -(b-\-f-\-2h)v\v3  —  v\  (3ev2  +  (b  + f +  2b)v3)  —  2vl'yl  (ry,  +  2b'y3) 
Bo  = - 

v3 

+  v2  {~nl  +  in i  - 4^y3 hi ) - v3  {{b + f  - 2b) hi  +h)+ 2ah\  +  732 )) 

V3 


for  ytj2,  we  obtain  two  solutions  choose  one  of  the  following 

Mi2  =-(2(r  +  £K  +  6ev2v3+(b  +  f  +  2b)v23  +  2(c  +  g)'yl  +2(c -2d -  g)h2  +  2<?7273  +{b  +  f- 2b)%) 
-2  (c  +  g)  vi  ~  27i  (h  (2(d  +  gh2  +  Hi )  +  v3  (e^i  +  2/ry, )) 

Vl 

or  this 


bI  =  3ev2v3  ~{[b  +  f  +  2h)vl  +2(c -2d  -  g)h  +  2{c  +  g)% -2<?7273  +  {b  +  f-2h)H) 

“2  (c  +  g)  vl  -  (2  (c  +  g)  vi  +  3<w3 )  vl  -  2vl'yt  (2 {d  +  gh2  +  e'y3 )  +  v3  (-<?7 2  +  {e^2  -  4h'y3  h2 ) 

V2 


(39) 


(40) 
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In  each  scenario  we  have  regions  of  the  allowed  VEVs 
parameter  space  that  satisfy  the  minimum  conditions, 
but  these  conditions  not  necessarily  satisfied  the  Jarlskog 
commutator  formalism.  The  conditions  that  satisfy  the  CPB 
minimum  as  well  as  a  non  vanishing  Jarlskog  invariant,  so 
we  have  CP  violation  is  presented  in  all  scenarios.  In  scenario 
I  we  have  Spontaneous  CP  violation  when: 

1. e  =  0,  v2=—v1,  73  = - -v}  (41) 

7i  7, 

2.  e  =  0,  vt  =  0,  v2  =0,  73  =  0  (42) 


3.  e  =  0,  b  =  0,  v2  =  —  yi 

7, 

In  the  scenario  II  we  have  CP  violation  for 


(43) 


e  =  ±2yj(d  +  g)h,  vi 


Xd+g) 


v2,  v2=± 


2  ,  2 
*5  +7i 

3 

(44) 


e  =  ±2 X(d  +  g)h,  vx  =  ±J3(v22  +7 v3=^v2, 

V  7>  (54) 

In  all  scenarios  the  jarlskog  invariant  is  different  from 
zero.  In  a  future  work  a  numerical  analysis  will  be  presented 
elsewhere. 

6.  Conclusions 

In  this  work,  we  analyzed  the  SSB  of 
SU(2)xU(l) - in  SM  (g>  S3  with  spontaneous 

CPV  provided  by  the  Higgs  sector.  In  this  model,  we 
introduced  three  Higgs  S U(2)  doublets  with  twelve  real  fields. 
While  defining  the  gauge  symmetry  spontaneous  breaking, 
we  found  a  parameter  space  region  where  the  minimum  of 
the  potential  defines  a  CPB  ground  state.  We  analyzed  seven 
possible  scenarios  for  spontaneous  CP  violation  defined  in 
concordance  with  the  CPV  source  Higgs  field. 


In  scenario  III  we  have  CP  violation  for 
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